Readily accessible and highly stable aryl[2-(hydroxymethyl)phenyl]dimethylsilanes cross-couple with various aryl iodides under mild reaction conditions employing K 2 CO 3 as a base at 50 1C. Use of CuI as a co-catalyst is essential for the success of the present coupling reaction, which tolerates a diverse range of functional groups to afford a wide variety of biaryl products. Intramolecular coordination of a proximal hydroxyl group is considered to efficiently form pentacoordinated silicates having a transferable aryl group at an axial position and facilitate transmetalation from silicon to copper and then to palladium. r
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Introduction
A biaryl structure provides molecules with extended psystems and thus is one of the most fundamental structural motifs of functional molecules that find numerous applications in organic optoelectronic materials such as liquid crystals, functional dyes, organic semiconductors, and organic electroluminescence devices. Three representative examples are shown in Fig. 1 . In view of synthetic organic chemistry, preparation of unsymmetrical biaryls by reaction of aryl nucleophiles with aryl electrophiles, wherein S N 2 type reactions are not applicable, has been revolutionarily advanced since the first report of the cross-coupling chemistry [Eq. (1) ] [1] . Various main group arylmetallic reagents undergo the cross-coupling reaction with a wide range of aryl halides or pseudo-halides such as aryl chlorides, bromides, iodides, triflates, and tosylates in the presence of a catalytic amount of late transition metal catalysts such as palladium and nickel. Starting with highly nucleophilic aryl Grignard reagents, significant progress has been made in this field to allow use of milder and thus more chemoselective aryl nucleophiles such as arylstannanes and aryl boronic acids. In the last decade, siliconbased methodology has also gained increasing importance and interest due to inherent stability and non-toxicity of organosilicon compounds [2] . In situ formation of pentacoordinated arylsilicates by use of aryl(halo)silanes or aryl(alkoxy)silanes in the presence of a fluoride activator has been a standard strategy in the silicon-based biaryl synthesis. Although these silicon reagents are sensitive to heat, moisture, base, and/or acid, relatively stable arylsilanols [3] as well as triallyl(aryl)silanes as ''masked arylsilanols'' [4] have raised the synthetic potential of the silicon-based biaryl synthesis. However, fluoride agents are in general incompatible with several functional groups including common silyl protectors. Accordingly, use of relatively expensive fluoride activators has limited widespread applications of this protocol. Nevertheless, a few successful examples of fluoride-free biaryl synthesis employing NaOH [5] , Cs 2 CO 3 [3] , or a stoichiometric amount of transition-metal promoters [4, 6] with aryl(halo)silanes, aryl(alkoxy)silanes, or arylsilanols are available. 
On the other hand, Takeda and coworkers have recently reported that [2-(hydroxyalkyl)phenyl]trimethylsilanes undergo smooth transmetalation from silicon to copper without fluoride activation and that the resulting copper reagents undergo the reaction with allyl chloride [7] . Independently, we have embarked on design of stable arylsilanes having an activating organofunctional group independent of a transferable aryl group, allowing a diversity of the transformation. We report herein in detail that aryl[2-(hydroxymethyl)phenyl]dimethylsilanes, highly stable tetraorganosilicon compounds, serve as a new entry to arylsilane reagents, which undergo the cross-coupling reaction with various aryl iodides under significantly mild conditions in the presence of palladium/copper catalysts and K 2 CO 3 as a base [8, 9] .
Experimental section

General
All manipulations of oxygen-and moisture-sensitive materials were conducted with a standard Schlenk technique under an argon atmosphere. Flush column chromatography was performed using Merck silica gel 60 (40-63 mm) or Kanto Chemical silica gel (spherical, 40-50 mm 
, coupling constants (Hz), and integration. Melting points were determined using a YANAKO MP-500D. Mass spectra were obtained with a JEOL JMS-700 (EI) spectrometer. Unless otherwise noted, reagents were commercially available and were used without purification. THF and diethyl ether were distilled from sodium/ benzophenone ketyl. Anhydrous DMSO was purchased from Aldrich and used without further purification. N-(2-Diphenylphosphinobenzylidene)cyclohexylamine (4) was prepared according to the reported procedure [10] .
Preparation of dimethyl[2-(2-tetrahydro-2H-pyranoxymethyl)phenyl]silane
To a mixture of 2-bromophenylmethanol (34 g, 0.18 mol) and 3,4-dihydro-2H-pyran (18 g, 0.22 mol) were added 10 drops of concentrated hydrochloric acid, and the resulting mixture was stirred at rt overnight. The mixture was diluted with diethyl ether, neutralized with a saturated NaHCO 3 aqueous solution, dried over anhydrous MgSO 4 , and concentrated in vacuo to give 2-(2-tetrahydro-2H-pyranoxymethyl) bromobenzene, which was dissolved in THF (450 mL). The solution was added to a 1.6 M n-BuLi solution in hexane (124 mL, 0.20 mol) over 40 min at À78 1C, and the resulting solution was stirred for 50 min before the addition of chlorodimethylsilane (20 g, 0.22 mol) at À78 1C. The mixture was warmed gradually at rt overnight and quenched with H 2 O. After evaporation of THF, the residue was extracted with diethyl ether, and the combined organic layers were washed with brine and dried over anhydrous MgSO 4 
Preparation of 1,1-dimethyl-2-oxa-1-silaindan (2)
Dimethyl[2-(2-tetrahydro-2H-pyranoxymethyl)phenyl] silane (75 g, 0.30 mol) was treated with p-toluenesulfonic acid monohydrate (1.1 g, 6.0 mmol) in MeOH (500 mL) at rt for 16 h. After evaporation of MeOH, the residue was distilled to give 1,1-dimethyl-2-oxa-1-silaindan (2) 7, 135.0, 131.0, 129.5, 126.8, 121.6, 71.5, 0.6; IR (neat) 3360, 3057, 2953 IR (neat) 3360, 3057, , 2897 IR (neat) 3360, 3057, , 2860 IR (neat) 3360, 3057, , 1701 IR (neat) 3360, 3057, , 1593 IR (neat) 3360, 3057, , 1445 IR (neat) 3360, 3057, , 1350 IR (neat) 3360, 3057, , 1252 IR (neat) 3360, 3057, , 1200 IR (neat) 3360, 3057, , 1134 IR (neat) 3360, 3057, , 1067 IR (neat) 3360, 3057, , 1051 IR (neat) 3360, 3057, , 1024 
Preparation of [2-(hydroxymethyl)phenyl]dimethyl (phenyl)silane (1a)
A 1.0 M solution of phenylmagnesium bromide in THF (65 mL, 65 mmol) was added over 15 min to a solution of 2 (9.9 g, 60 mmol) in diethyl ether (250 mL) at À78 1C, and the mixture was stirred at À78 1C for 2 h and then at rt overnight. The reaction was quenched with a saturated NH 4 Cl aqueous solution (40 mL) at 0 1C. The aqueous layer was extracted with diethyl ether (2 Â 60 mL), and the combined organic layers were washed with water (2 Â 75 mL) and brine (50 mL) and dried over anhydrous MgSO 4 . After concentration in vacuo, the residue was purified by flash chromatography on silica gel to afford 1a (13.8 5, 139.0, 135.8, 135.5, 133.8, 130.0, 129.2, 128.1, 128.0, 127.0, 65.3, À1.1; IR (KBr) 3298, 2953 , 1427 , 1250 , 1111 , 1076 , 1018 
Preparation of [2-(hydroxymethyl)phenyl]dimethyl (4-fluorophenyl)silane (1b)
Following the procedure for 1a, the reaction using a 2.0 M solution of 4-fluorophenylmagnesium bromide in diethyl ether (17 mL, 33 mmol) and 2 (4.9 g, 30 mmol) gave the title compound (6.8 g, 86%) as a colorless oil, R f 0. 
Preparation of [2-(hydroxymethyl)phenyl]dimethyl (2-methylphenyl)silane (1c)
Following the procedure for 1a, the reaction using 2 (4.9 g, 30 mmol) and a 2.0 M solution of 2-methylphenylmagnesium bromide in THF (17 mL, 33 mmol) gave the title compound (7.6 8, 137.0, 136.7, 135.0, 134.6, 130.1, 129.8, 128.3, 127.2, 125.5, 65.2, 22.8, À0.6; IR (neat) 3339, 3055, 2955 IR (neat) 3339, 3055, , 1589 IR (neat) 3339, 3055, , 1437 IR (neat) 3339, 3055, , 1258 IR (neat) 3339, 3055, , 1128 IR (neat) 3339, 3055, , 1078 IR (neat) 3339, 3055, , 1032 5, 138.5, 135.6, 135.3, 131.3, 130.2, 128.4, 128.2, 127.1, 65.3, 0.2; IR (neat) 3337, 2955 IR (neat) 3337, , 1435 IR (neat) 3337, , 1406 IR (neat) 3337, , 1252 IR (neat) 3337, , 1213 IR (neat) 3337, , 1126 IR (neat) 3337, , 1080 
General procedure for cross-coupling of 1a-1d with aryl iodides
To a mixture of an arylsilane (0.81-0.84 mmol), K 2 CO 3 (194 mg, 1.4 mmol), N-(2-diphenylphosphinobenzylidene)-cyclohexylamine (4) (10.4 mg, 28 mmol), and PdCl 2 (3.7 mg, 21 mmol) in DMSO (4.0 mL) were added an aryl iodide (0.70 mmol) and water (25 mg, 1.4 mmol) sequentially, and the resulting mixture was stirred at 50 1C. After the time specified in Table 2 and Eq. (3), the mixture was diluted with diethyl ether, washed with water and brine, and dried over anhydrous MgSO 4 . Concentration in vacuo followed by flash chromatography on silica gel afforded the corresponding coupling product in a yield listed in Table 2 and Eq. (3). The spectra of 4-methoxybiphenyl (Table 1 ) and the biaryls shown in entries 1-10, 13, 15, and 17-22 of Table 2 agreed well with those reported by us previously [4] .
3-Methylbiphenyl (entry 11 of Table 2) [12]
A colorless oil, R f 0.57 (hexane-ethyl acetate 0, 140.9, 140.7, 140.5, 130.7, 130.2, 128.8, 128.7, 127.89, 127.86, 127.4, 30.4 . 4, 134.4, 128.9, 128.0, 127.4, 125.9, 124.8, 123 6, 146.6, 140.9, 135.2, 130.5, 129.5, 129.4, 129.2, 128.9, 127.8, 125.9, 61.0, 20.4, 14.4; IR (neat) 2980 IR (neat) , 1715 IR (neat) , 1611 IR (neat) , 1481 IR (neat) , 1400 IR (neat) , 1367 IR (neat) , 1277 IR (neat) , 1178 IR (neat) , 1101 IR (neat) , 1026 IR (neat) , 1007 1, 138.5, 130.2, 129.1, 128.3, 126.2, 125.5, 124.4, 61.0, 14.3; IR (KBr) 3094, 3067, 2999 , 2976 , 2359 , 1697 , 1605 , 1462 , 1425 , 1412 , 1366 , 1317 , 1277 , 1263 , 1184 , 1169 , 1111 , 1016 
2-(Hydroxymethyl)biphenyl (entry 16 of
Results and discussion
Aryl[2-(hydroxymethyl)phenyl]dimethylsilanes (1) were readily prepared by the ring-opening reaction of various aryl Grignard reagents with cyclic silyl ether 2, which was readily accessible from 2-bromobenzyl alcohol [Eq. (2)]. Phenylsilanes having an electron-withdrawing 4-fluoro (1b) and a sterically demanding 2-Me group (1c) were prepared in excellent yields. Heteroaromatic 2-thienylsilane (1d) was also available in this manner. 
We first examined the reaction of phenylsilane (1a, 0.13 mmol) with 4-iodoanisole (0.10 mmol) in the presence of [(Z 3 -C 3 H 5 )PdCl] 2 (2.5 mol%), tri-2-furylphosphine (15 mol%), CuI (20 mol%), and Cs 2 CO 3 (0.24 mmol) in DMSO at 45 1C for 22 h, reaction conditions slightly modified from those for the successful cross-coupling of alkenylsilanes [8] . Formation of the desired product 4-methoxybiphenyl (3) was estimated to be 79% yield by GC analysis of an aliquot of the reaction mixture (entry 1 of Table 1 ). Use of iminophosphine ligand 4 was found effective to increase the yield of 3 to 84% yield (entry 2) [17] . A copper cocatalyst was found essential for the present biaryl synthesis as the reaction in the absence of CuI resulted in no reaction (entry 3). We further found that the use of K 2 CO 3 (0.20 mmol) and PdCl 2 (3.0 mol%), an inexpensive combination of a base and a palladium complex, was equally effective for the reaction even with smaller equivalents of these reagents and CuI (10 mol%) (entry 4). Finally, 96% GC yield of 3 was attained by addition of a small amount of H 2 O (0.20 mmol) to the reaction mixture (entry 5), yet addition of an extra amount of H 2 O (total 0.40 mmol) was found futile (entry 6). Under the optimized conditions, the reaction in a preparative scale (0.70 mmol scale) at 50 1C for 16 h gave 3 in 99% yield after isolation by silica gel column chromatography (entry 7).
We further surveyed the scope of aryl iodides (Table 2 ). Various electron-withdrawing functional groups including trifluoromethyl, cyano, keto, formyl, ester, nitro, and chloro at the para-position of iodobenzene were tolerated under the present conditions to give the corresponding biaryls in excellent yields (entries 1-7). Those having an electron-donating methyl and free amino group at the paraposition were also isolated quantitatively (entries 8 and 9). Meta-substitution did not affect the reaction (entries [10] [11] [12] . It is worth noting that t-BuMe 2 Si-ether, which is easily cleaved under the conventional fluoride activation protocols, survives completely (entry 12). Ortho-substituted aryl iodides cross-coupled with 1a in good to excellent yields, irrespective of electronic nature and number of the substituents (entries [13] [14] [15] [16] [17] [18] [19] . Heteroaryl groups such as pyridyl, pyradyl, and thienyl were also introduced successfully to give heterobiaryl compounds (entries 20-24). In a manner similar to the coupling with phenylsilane 1a, less nucleophilic 4-fluorophenyl, sterically hindered 2-methylphenyl, and labile 2-thienyl groups were transferred exclusively to cross-couple with ethyl 4-iodobenzoate in good yields using the corresponding arylsilanes 1b-1d [Eq. (3)]. It is highly intriguing that the desired aryl group was transferred exclusively among the two different aromatic groups on silicon. We propose that pentacoordinated silicate intermediates like 5 having a rather electronwithdrawing aryl group (Ar 1 ) and the oxygen atom of 2-(hydroxymethyl)phenyl group at axial positions might be responsible for the selective aryl transfer (Scheme 1) [18] . Transmetalation from silicon to copper appears likely rather than direct transmetalation from silicon to palladium [6, 7] . Water might increase polarity of the reaction media to improve solubility of K 2 CO 3 in the reaction mixture and thus accelerate the transmetalation step(s), though an excess amount of water likely induce protodesilylation of pentacoordinated silicate species 5 to cause reduced yields of biaryls (vide supra) (Fig. 2) .
ARTICLE IN PRESS
In principle, silicon residue liberated after the present coupling reaction should be cyclic silyl ether 2. Indeed, we have succeeded in recovery of 2 by distillation of a crude product mixture of reaction of alkenyl[2-(hydroxymethyl)-phenyl]dimethylsilanes [8] . However, we did not observe the formation of 2 during the present biaryl synthesis. Instead, benzyl alcohol was detected as a plausible fate of 2. At present, we reason that cyclic silyl ether 2 would further accept coordination of hydroxyl, iodide, or chloride ion under the reaction conditions to form pentacoordinated silicate 6, which would induce transmetalation to copper to give 2-(siloxymethyl)phenylcopper species 7 and then benzyl alcohol upon protonolysis (Scheme 2) [7] .
Conclusion
A new silicon-based biaryl synthesis has been described that uses aryl[2-(hydroxymethyl)phenyl] dimethylsilanes and aryl iodides. The chemoselective transformation is readily achieved with highly stable arylsilane reagents and K 2 CO 3 as a base under mild reaction conditions and accordingly will find a widespread use by synthetic chemists in a diverse range of fields including materials science. Improved reaction conditions that allow recovery of cyclic silyl ether 2 and use of inexpensive aryl bromides and chlorides are currently under investigation. 
